Military range management has become extremely important in recent years, in order to comply with the limitations imposed by national and international environmental regulations. In this regard, soil, vegetation and ground water samples from a testing facility belonging to the Romanian Ministry of National Defense were analyzed for contamination with metals and energetic materials. The tests confirmed the presence of contaminants as energetic materials and heavy metals (Pb, Cu, Zn), with a heterogeneous distribution on the range and concentrated in the impact and firing line areas.
Introduction
The use of armament systems and munitions during instruction or testing/ evaluation for armed forces' readiness is mandatory. The presence of energetic materials (EMs) and metals cannot be avoided, implying there is a permanent risk of air, soil and water pollution with compounds resulting from EM combustion. EMs exhibit a particular risk to the environment due to their hazardous physicochemical and toxicological properties. Consequently, many countries have become aware of the necessity of implementing measures that ensure the ISSN 1733-7178 e-ISSN 2353-1843 lowest environmental risk during national defence activities, which implies their examination and selection in order to limit as far as possible the environmental risks. The growing need for amenable environmental policy development has become obvious, especially in the last decade, when a large number of military bases have been closed and armament systems demilitarized.
In this context, a large number of military ranges have been targeted for investigation and/or clean-up in recent years under various environmental regulations [1] [2] [3] . A number of studies [4] [5] [6] have evaluated the environmental impact of contaminants from the firing of bombs, rockets, projectiles, and pyrotechnics, on the quality of soil, ground water and surface water. Depending on the depth of the ground water, climate, soil parameters, or the proximity of surface water on the range, contaminants can reach ground or surface waters. Left unmanaged, contaminants from a range may lead to important health hazards to wildlife and people who are exposed to the affected environment [1] [2] [3] 6] .
Although contamination at military bases is often localized in one or a few areas, a particular problem in the evaluation of the nature and the extent of contamination at military facilities is that the exact areas of impact are sometimes not completely delineated. Consequently, environmental agencies frequently conclude that the contaminated site is, in fact, the entire active area of the base [7, 8] .
When firing of conventional munitions, beside the typical gaseous combustion products, heavy metals are also dispersed in the firing area. This can be due either to the combustion of EMs used for casting, or the erosion of the metallic components of the cartridge, projectile or tube. Moreover, in the impact area, degradation products of EMs and residues from the projectiles (primers, high explosives, boosters, and pyrotechnics) are found, as well as metallic parts resulting from fragmentation. Heavy metals are found worldwide in a broad range of environments, the type of soil and climate being the main factors influencing their absorption into plants and penetration into the water. Pb is the main contaminant of shooting ranges, and researchers worldwide have described range contamination (soil, water, and vegetation) and various modes of decontamination have been proposed. In addition to Pb, other contaminants such as Sb, Cu, Zn, Ni and As, were analyzed, taking into account the fact that they may be of equal or greater concern for ecotoxicity.
Special concern has also been given lately to EMs. During firing, the propellant is burnt and gases are formed. In the case of munitions firing, it has been shown [9] that over 99.99% of the EM is turned into gases (without including here the pyrotechnics). Unexploded ordnance (UXO) and incomplete detonation rates are very low (< 5%). On the majority of ranges, UXO clearance operations after firing are mandatory. As a consequence, a certain amount of solid product is formed. The burning of these products may affect the environment by spreading hazardous substances in the atmosphere.
During the last few years, an increased number of issues have arisen in Romania in relation to hazardous contaminants, UXOs, and military range clean-up. Thus, the present case study aimed to assess in-depth the degree of contamination of the soil, vegetation and aquifers with munition residues on an experimental military range of the Romanian Ministry of National Defense (MoND), both in terms of heavy metals and EMs. Regarding the in-depth soil tests on military ranges, to our knowledge this kind of field study has never been published previously.
Materials and Methods

Study region and statistical data
The experimental range studied is situated in the south-eastern part of Romania at Lat. N 44°26'5" and Long. E 27°33'30" (Figures 1 and 2 ). It has an active area of ~14 km 2 (14 km in length and 1 km wide). Its surface is perfectly flat, with a uniform altitude of 38 m, allowing very good visibility of the munitions during their entire flight. The soil structure is typical for a Danube meadow. The tectonic foundation is situated at over 1,300 m depth. On top of that, there is a thick blanket of sediments produced during several sedimentation cycles between the Cambrian and Neocene periods. From a lithological point of view, these deposits consist of clay, sandy-clay, loess and fine sand. The climate is continental temperate, with continental accents, excessive tones and high temperature amplitudes between the summer and winter seasons. Winter polar winds from the east cause the temperature to drop below −25 °C in winter. During summer, the highest recorded temperatures in this Romanian region are frequently over 40 °C. The number of tropical days in this region is also the highest in Romania (40 to 60 days/year). The average precipitation is very low (400 to 500 mm/year), causing long dry periods (80 to 100 days) at the beginning and the end of the vegetation period. The hydrographical network of the South Baragan Plane has a very low density (< 17 km/km 2 ). Thus, the area of the range is essentially clear of surface water, excluding some irrigation channels that are no longer in use, after 1990.
Because of the dry climate, the first aquifer is situated at depths of 20 to 25 m, at the intersection between the loessoid deposits and fine sands. The water in this aquifer has an average pH of 7.5 and 20 °G hardness.
The range is used mainly for ground tests of artillery and mortar systems, grenades, hand grenades, rockets, small arms, fuses and pyrotechnics, for periodical tests and also for R&D, etc. Therefore, the exploitation extent of the range can be considered rather high. Because of the lack of long-term statistics of the firing management, the available data on the fired munitions was only for the past 15 years. During this period, the following were identified as having been used: small arms munitions in the range 5.45 mm to 14.5 mm cal.; mortars 82 to 122 mm cal.; rocket grenades (PG 7, PG 9); cannon and howitzer projectiles 25 to 152 mm cal.; antitank and antipersonnel grenades; smoke grenades and smoke candles.
The data on the specific number of munitions fired is classified, but statistics on the hazardous materials (explosives and metals) from the munitions and energetic materials fired on the range within the last 15 years amounts to 40,000 kg TNT, 6,000 kg RDX and 335,000 kg metals. The UXOs are neutralized at the site where found, or in a subsurface detonation area situated at 5 km from the firing line. The sampling has been performed after having received accurate data on the firing and the affected areas.
Sampling and risk analysis methodology
Sampling strategy
Taking into account the specific situation of the range, a multi-increment sampling strategy for artillery ranges was employed, in agreement with other studies [10] .
After having consulted the range firing management, the sampling targeted the firing area, the impact area, the intermediary area, and the neutralization (detonation) area.
The methods used for soil and vegetation sample collection from different areas of the range were ( Figure 3 ): multi-increment sampling in large square areas, usually 100 m 2 (10 × 10 m); multi-increment sampling along a circle at different distances from hot spots; composite sampling from hot spot areas (30 subsamples per 1 m 2 ); core sampling to a maximum depth of 3 m in hot spot areas. All of the samples were collected in plastic bags, labelled, recorded with the GPS coordinates and stored at 4 °C until sample preparation. Subsamples for the chemical analysis of explosives were taken and weighed immediately after grinding and stored in a freezer. Surface subsamples of ~10 g were taken using steel scoops, usually from 2.5 to 5 cm in depth. 1 kg composite samples were placed in polyethylene sealed bags and stored in the freezer until sample preparation. Core samples were collected only from hot spot areas, using a specialized assay tool kit AMS Inc. (USA). This tool kit allowed sampling of 1 kg cylindrical samples at depths varying from 20 to 300 cm.
Due to the depth of the first aquifer, it was not possible to create new wells for water sampling. Thus, it was decided to use the existing well situated in the area near the firing line of the range. This decision was also supported by the ground water flow direction, towards the Danube (Figure 2 ). Water samples were taken in triplicate from here, during one year at three monthly intervals.
Methods
Heavy metals in soil samples
In order to determine the heavy metal content in the soil samples (elemental and ions), an Atomic Absorption Spectrometer (AAS) Perkin Elmer Analyst 800 was used. The analytical procedure was performed in line with the national standards [11, 12] as follows: the soil samples were first dried, milled and sieved. Afterwards, a representative 0.5 g subsample was digested with a homogenous 3:1 (v:v) mixture of nitric and hydrochloric acids (20:1, v:w, versus the subsample). Digestion of the samples was performed in a Berghof MW-2 apparatus, using a three-step temperature program: 25 min at 180 °C, 10 min at 100 °C and 10 min at 40 °C.
Traditional flame atomic absorption has a relatively poor sensitivity for Hg. Therefore, Hg has been determined by reduction to metallic Hg using NaBH 4 and then analyzed by the cold vapor technique. This method is based on the fact that, under normal conditions of temperature and pressure, the ground state of the Hg atoms produced have a high vapor pressure and subsequently are transported by argon and measured, without flame atomization. After digestion, the sample was reduced with a 1% (m:v) NaBH 4 solution in alkaline medium. The gaseous reaction mixture, consisting of Hg in excess H 2 , was transported to the quartz cell by an Ar flow.
The threshold concentrations stipulated by the national legislation (legal background level -LBGL) regarding soil quality, were considered as a reference for this study. Due to the fact that a military range was being evaluated, the values obtained were compared with the thresholds for less sensitive soils.
In order to determine the background concentration level (BGL), two blank composite surface soil samples from uncontaminated soil were taken from the administrative area (which is at approx. 1 km away from the main firing area) of the range as a reference. Furthermore, composite, hot spot and core samples were also taken and analyzed from the small arms firing position. Other composite and hot spot soil samples were collected from an area where smoke grenades and smoke candles are frequently fired, from the firing position for artillery systems (mortars, canons and howitzers) and from the UXO disposal site (Figure 1 ). Composite samples, collected from a 1 m 2 area in the impact area and composed of 30 subsamples weighing 1 kg, were also analyzed.
Heavy metals in vegetation samples
Vegetation samples (herbs) from the small arms firing line area, from the pyrotechnic munitions (smoke grenades and smoke candles) firing area, and from the UXO disposal area were analyzed. The metal content of the vegetation samples was also determined by AAS. 0.25 g of representative subsamples were collected from composite samples and digested with a mixture of nitric acid and hydrogen peroxide (2:3, v:v). A three-step temperature program for the Berghof MW-2 digestor was employed: 5 min at 145 °C, 10 min at 180 °C and 10 min at 100 °C.
Anions, cations and heavy metals in the aquifer
In order to determine the extent of contamination of the aquifer with heavy metals, EMs and other pollutants, water samples were obtained from a 25 m-depth of the well situated in the south-eastern part of the range. The water samples were taken every three months, over one year.
Elemental heavy metals and their cations from various compounds were determined by VIS spectrometry using a Hach-Lange DR 2800 spectrophotometer.
EMs from soil and water samples A preliminary qualitative measurement was performed using a REX KIT 08 colorimetric kit for EMs produced by STIMPEX SA. This colorimetric kit is based on Meisenheimer and Griess complexes and gives a qualitative assessment of samples regarding the presence of nitro-derivatives in ppm concentrations. A positive response led to quantitative evaluation by HPLC or GC-MS.
Furthermore, for all of the soil samples collected, the EPA 8330 HPLC method presented in [13] was employed. A high pressure liquid chromatograph Thermo Electron Corporation Surveyor Plus was used, equipped with photodiode array detector (Surveyor PDA Plus) and a quaternary pump. The LC was fitted with a Hypersil Gold C18, 5 µm column, the oven temperature was held at 30 °C, the detection was made at 254 nm wavelength and the mobile phase consisted of a 60:40 water:methanol mixture at a flow rate of 0.8 mL•min Table 1 lists the results from the analysis of the metal concentrations in the soil samples versus LBGL (row 1), the alert threshold (row 2), the intervention threshold (row 3) and the BGL (row 4). High concentrations of heavy metals were found at the infantry munitions firing area. Regarding the area of the firing line for small arms, the main contaminants were also the main components of the infantry ammunitions: Hg, Cu, Pb, Zn, and, in lower amounts, Sb. The averaged results for the composite samples indicated a slight contamination of this area, but the values obtained are far below the alert limits, and closer to the normal and reference values. Higher concentrations were found for these contaminants versus BGL and LBGL, but still below the alert threshold. The concentrations in hot spots were considerably higher, but still below the alert value for Cu (149.87 mg·kg ) which was above the 4 mg·kg −1 alert concentration. The source of Hg contamination consists in the use of ammunition equipped with percussion caps belonging to the first generation of primers, comprising priming mixtures based on mercury fulminate and potassium chlorate. This type of primer can now be found only in very old stocks of ammunition that are no longer produced in Europe, so this should not be a major concern for the range management, but should constitute an issue for the monitoring activity and a soil remediation programme.
The sources of Cu, Pb and Zn contamination can be identified in the inherent composition of the EMs and the metallic parts of conventional rounds. The reduction of Pb compounds and Pb itself in small arms ammunition is an important issue on the MoD's agenda [15] [16] [17] and efforts were made by several producers to replace Pb with Cu and W composites. However Cu and W contamination problems were encountered due to the advanced erosion of composite bullets.
The results obtained from composite and hot spot soil samples collected from the pyrotechnic munitions area are also given in Table 1 . The measurements made in the pyrotechnics area revealed important concentrations of Zn (317.50 mg·kg −1 ), localized in the hot spots where pyrotechnic items were burnt, but they were still below the alert limit for less sensitive soils. The averaged concentration in the composite samples (117.09 mg·kg −1 ) from this area was close to the normal and to the reference values.
The results of the AAS analysis of composite and hot spot soil samples taken from the firing position for artillery systems did not indicate major concentrations of Hg, but important concentrations of Pb above the alert threshold were found in the hot spots (356.78 mg·kg −1 ), but below this threshold for the composite sample (127.78 mg·kg −1 ), and Cu concentrations above the intervention limit were found in certain hot spots (1,482.50 mg·kg −1 ) and even in composite samples (331.04 mg·kg −1 ). Contamination with these metals is due to the presence of combustion products from primers and propellants (Pb), but also to projectile erosion (Cu). Careful monitoring of the contamination level in this area is recommended, so that specific remediation measures can be applied when the intervention limits are exceeded.
Composite and hot-spot samples from the impact areas were also analyzed. The collections were made in the areas with the maximum probability of munitions functioning, as indicated by the range management, to be at 1,000 ± 0.1%, 1,300 ± 0.1%, 1,500 ± 0.1%, 5,000 ± 0.1% and 7,000 ± 0.1% m from the firing line. Two types of composite samples were analyzed: composites obtained from random square areas and composites from circular shapes around the impact craters. The heavy metals concentrations in the composite samples were slightly above the BGLs and LBGLs, especially in the cases of Cu, Zn, Cr, and Ni, but way below the alert threshold. In the hot spot and composite samples from the crater areas, the Cu (maximum 224.97 mg·kg −1 ) and Pb (maximum 187.00 mg·kg −1 ) concentrations were just below the alert thresholds, the other metals being in concentrations close to those of the composite samples. The results obtained from samples collected from the UXO disposal areas showed metal concentrations very close to those corresponding to BGL and LBGL.
An important finding of the present work, which has not been studied previously, were the results from the experiments regarding the depth variation of metal concentrations. Core samples from ground level to 2 m deep were collected for the most contaminated sites (small arms firing area, artillery firing area and pyrotechnics area) and analyzed for the presence of three relevant metals: Cu, Pb and Zn. The results are presented in Figure 4 and reveal a very rapid decrease in the concentrations with depth. The illustration of the rapid decrease in the concentrations has proved that from practically 0.5 m depth, the metal concentrations revert to values close to BGL and LBGL. This finding is very important for the assessment of the fate of these metallic contaminants in the specific environment of the range, because it practically excludes the possibility of ground water contamination, the first aquifer being situated at a minimum of 20 m depth. Furthermore, HPLC analysis of all soil samples gave no evidence of EM concentrations above the detection limit. The analyses for EM traces from the soil samples showed only the presence of nitro-aromatic derivatives from hot spot samples from the impact and disposal areas. Their concentrations were rather low, below 1 mg·kg −1 , and very close to the detection limit of the methods used (0.3 mg·kg −1 for TNT and DNT). No sample analyzed showed the presence of nitramine-based compounds (RDX), which may be due to the reduced frequency of using munitions charged with these compounds and to their solubility. Deep soil samples (below 2 m) showed no EMs.
Vegetation sample evaluation
The analysis results obtained from vegetation samples taken from the administrative area (BGL), the area of the small arms firing line, the pyrotechnics area and the UXO disposal site are illustrated in Table 2 . At the present time, Romanian environmental legislation does not specify maximum thresholds for metals in vegetation, but this contamination should be monitored as a potential contributor to soil contamination, and the LBGL for soils was used for comparison. For specific hot spots, the metal concentrations were very high. Strongly contaminated spots were found with high Cu (1180 mg·kg ), above the alert threshold levels for soils. In the areas where smoke munitions were burned, the grass was found to be extremely contaminated with Zn compounds (10,140 mg·kg ) versus BGL, but still below the alert threshold for soils. Table 3 presents the results obtained by analyzing four water tests taken in triplicate samples from the same well at three month-intervals, during one year. The same water samples were analyzed by AAS in order to confirm the metal concentrations determined by VIS spectrometry. The results are given in Table 4 and they are in agreement with the VIS spectrometric analysis, excluding those for Cu where slightly higher concentrations were recorded by AAS. ). According to the Romanian national regulations regarding the quality of water, the maximum threshold for Hg concentration is 1 μg·L As may be observed, only a slight contamination of the aquifer with Ni and Cu was identified, while all of the other parameters were shown to be within the normal limits. However, taking into account the heavy metal concentration distributions in the deep soil, the Cu and Ni high concentrations cannot be accounted for the military activity at the range.
Anions, cations, heavy metals and EMs in the aquifer
Furthermore, tests using the REX KIT 08 have shown no traces of EM nitro-derivatives in the water samples.
Conclusions
It is not only the utilization of munitions which is a major factor affecting the environment and human health, but the entire life cycle of the munitions. Therefore, production, demilitarization and destruction are stages that all contribute to the release of toxic compounds into the environment. A complete characterization of explosives production, demilitarization and disposal facilities, instruction and firing ranges all make contributions to an environmental impact evaluation in order to give essential information on the requirements, remediation measures and the procedures necessary for the minimization of hazardous effects against the environment.
In order to develop and test the instrumental methods for the long term impact evaluation of munitions on the experimental range, specific procedures for sampling, for testing and analysis were set, and results interpretation criteria were identified. Valuable data on EM and heavy metal pollution were obtained for the soil, water and vegetation on the range.
The study was performed at an important testing range of the Romanian MoD, searching for evidence of soil, ground water and vegetation contamination with heavy metals and EMs resulting from firing of infantry and artillery munitions. The tests performed confirmed the presence of EMs and heavy metals as contaminants, with a heterogeneous distribution on the range. The contamination was concentrated in the areas of the firing line for small caliber and large caliber armament systems, where combustion products and residues, as well as metallic fragments, are dispersed during the firing of conventional munitions. The main contaminants found were Hg, Pb, Cu, Sb and Zn, which are constituents of EMs or come from the erosion of exposed surfaces of the ammunition. Analysis of deep core samples demonstrated that the contamination with heavy metals is limited to the upper layer (< 0.5 m) of soil, so that transport of the contaminants to the aquifer is very unlikely. A slight contamination of the aquifer with Ni and Cu was detected, but the values obtained cannot be attributed solely to military activities.
Only a slight contamination of the surface soil with heavy metals and EMs, specifically nitro-aromatic compounds, was found in the impact area and in the area of UXO neutralization, but mostly around the craters. The depth analysis gave no evidence for the presence of such compounds below 2 m.
Vegetation samples were also analyzed and found to be qualitatively in line with the soil contamination, but showing higher concentrations of the contaminants. This indicates that deposition of products and residues on the vegetation is the first step in soil contamination.
From the analyses performed on the Romanian experimental range, one may conclude that the environment hazard of classic infantry and artillery armament systems is significant, by spreading EMs and metals through: deposition of incomplete burning products and of metallic debris on the ground and vegetation; dispersion of projectiles, cartridge tubes, fuses, etc. and other parts, resulting from firing; dispersion into the soil of UXOs or partially exploded items during firing or neutralization.
A rigorous record of the munitions fired, combined with data on the specificity of the compounds released into the environment and permanent monitoring of the extent of contamination of the exposed areas, would contribute to an accurate risk assessment and to correct decisions regarding the corrective measures to be undertaken.
